Costimulatory pathways
======================

T-cells are important mediators of the immune response, and their activation is closely regulated to prevent autoreactivity. It is now recognized that the process of T-cell activation involves multiple signals and distinctly regulated pathways.

To become fully activated, naïve T-cells require two signals. The first (signal 1) is antigen-specific and derives from the interaction of the T-cell receptor (TCR) with the major histocompatibilty complex and antigenic peptide complex that are both expressed on antigen-presenting cells (APCs). The second signal (signal 2), called the costimulatory signal, is antigen-nonspecific and is provided by a number of specialized cell surface receptors. This signal is required for the survival, clonal expansion, and differentiation of activated T-cells.[@b1-btt-6-355] Signal 2 is activated when B7-1 (CD80) and B7-2 (CD86), located on the surface of dentritic cells, bind CD28 on T-cells or on its homolog, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4).

Subsequent to these two signals, various pathways are activated, including the calcium-calcineurin process, the ras/mitogen-activated protein kinase pathway, and the nuclear factor-kB. The activation of these transduction pathways leads to the linkage of IL-2 to its receptor (signal 3), whereupon the mammalian target of rapamycin is activated ([Figure 1](#f1-btt-6-355){ref-type="fig"}). These events collectively induce T-cell clonal proliferation and the generation of effector CD4+ T-cells (T-helpers) as well as a clonal expansion of activated CD8+ (cytotoxic T-cells). If the given pathway is blocked, T-cells do not receive a costimulation signal -- they become anergic and undergo apoptosis.[@b2-btt-6-355],[@b3-btt-6-355]

The costimulatory molecules may be divided into two categories: (1) positive costimulatory pathway (CD28/B7), which promotes T-cell activation; and (2) negative costimulatory pathway (CTLA4/B7), which antagonizes TCR signals and suppresses T-cell activation.[@b4-btt-6-355]

The CD28 pathway
================

The best characterized T-cell costimulatory pathway involves the CD28 receptor, which binds to costimulatory molecules named B7-1 (CD80) and B7-2 (CD86).[@b5-btt-6-355],[@b6-btt-6-355] CD80 expression on resting cells is low, but it increases after prolonged T-cell stimulation, and it thus plays a role in perpetuating immune response. CD86 is expressed constitutively, is rapidly upregulated on APCs upon signal 1, and may be important in the mediation of initial T-cell activation.[@b7-btt-6-355]

The CD28 molecule, which is constitutively expressed on all naïve CD4 and CD8 T-cells, is the most important activating costimulation receptor of T-cells, in concert with TCR. After interaction with its ligands, CD28 promotes T-cell differentiation into TH1 cells, enhances both the production of antibodies by B-cells and the proliferation of previously activated T-cells and causes the production of cytokine, including IL-2 and IFN-y.[@b6-btt-6-355] Moreover, the CD28/B-7 signals induce the development of a class of T-cells termed as regulatory T-cells (Tregs), which inhibit immune response and mantain self-tolerance.[@b8-btt-6-355]

The CTLA-4 pathway
==================

After the identification of the CD28 molecule and its role in T-cell activation, it was found that CTLA-4 (CD152) and CD28 bind the same ligands (B7-1 and B7-2), but CTLA-4 binds with far higher affinity: 2500-fold avidity for B7-1 and 500-fold for B7-2.[@b9-btt-6-355] Unlike CD28, CTLA-4 is exclusively expressed by activated T-cells.[@b10-btt-6-355] The engagement of CTLA-4 releases a negative costimulatory signal (known as the coin-hibitory signal), which inhibits TCR and CD28 mediated signal transduction in a B7-dependent way by inhibiting IL-2 production and blocking cell-cycle progression. Thus, CTLA-4 leads to the suppression of T cell activation, which in turn induces T-cell anergy.[@b11-btt-6-355]

The CD40 pathway
================

The CD40 pathway has received attention because of its importance both in T-cell costimulation and in transplantation. CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily and is expressed, at low levels, on the surface of APCs, including B-cells, endothelial cells, keratinocytes, and fibroblasts.[@b10-btt-6-355] CD154 (CD40L) is the ligand of CD40, belongs to the TNFR superfamily, and is expressed on activated T-cells, subsets of NK cells, eosinophils, and platelets.[@b12-btt-6-355] The CD40/CD154 pathway was initially identified as crucial for B-cell activation and differentiation, but it was subsequently reported to be involved in T-cell activation by upregulating the B7 family ligands CD80 and CD86 in APCs.[@b12-btt-6-355] The interaction of CD40 with B-cells increases immunoglobulin (Ig) production and induces a switch of the Ig class, confirming its important role for humoral immunity.[@b13-btt-6-355] Upon cell activation, increased levels of CD40 lead to increased CD40/CD154 interaction, which in turn triggers vigorous exposition of antigen-specific signals. For graft survival, in experimental transplant models, the CD40/CD154 costimulation blockade prevents acute rejection, but not chronic rejection.[@b14-btt-6-355] Antihuman CD154 antibodies have been generated for therapeutic use, but trials are suspended because of thromboembolic side effects, which are related to the expression of CD154 on platelets.[@b15-btt-6-355]

To avoid any such interference with platelets, anti-CD40 monoclonal antibodies (mAbs) have been generated for the purpose of blocking CD40/CD154 pathways. These mAbs are currently undergoing experimental and clinical investigation.

Costimulatory pathway in transplantation
========================================

In the past, many groups demonstrated that a T-cell costimulatory signals blockade may both improve long-term graft survival and induce transplantation tolerance in mice and nonhuman primates.[@b16-btt-6-355] The efficacy of costimulation signal inactivation depends on the nonactivation of antigen-specific T-cells after TCR involvement (signal 1) and on the absence of costimulation (signal 2) ([Figure 2](#f2-btt-6-355){ref-type="fig"}).[@b17-btt-6-355]

Preclinical studies on outbred juvenile rhesus monkeys found that graft survival was prolonged by CTLA-4Ig-induced inhibition of antibody response. Subsequent follow-up demonstrated that CTLA-4Ig is unable to retain a hyporesponsive condition.[@b18-btt-6-355]

While CD28 blockade is not as efficient in preventing allograft rejections in nonhuman primate models, the blockade of CD40-CD154 has shown promise for the induction of transplantation tolerance.[@b18-btt-6-355]

CD152-Ig blocks CD28 adhesion on recently activated T-cells and thus prevents the in vitro activation of alloreactive T-cells in mixed leukocyte cultures.[@b19-btt-6-355] However, a CD28 blockade is not as efficient in preventing allograft rejection in nonhuman primate models.

Finally, the combined blockade of CD28 signaling with CD152-Ig and of CD40 signaling with anti-CD154 or anti-CD40 mAbs also induces a robust tolerance to alloantigens. Said tolerance extends to skin grafts and inhibits the development of chronic vascular rejection in primarily vascularized cardiac allografts.[@b20-btt-6-355]

Belatacept, a second generation of CTLA-4Ig fusion protein, has made available a drug with increased affinity for CD80 and CD86. Larsen et al variously tested belatacept as a monotherapy and in combination with basiliximab, steroids, or mycophenolate mofetil (MMF). Used as a monotherapy, belatacept was superior to CTLA-4Ig monotherapy on kidney-graft survival. Thus, in the induction phase, the combination of belatacept with basiliximab, as well as with MMF and steroids, was not only safer but more effective.[@b21-btt-6-355]

These promising results led to the commencement of testing in humans.

Belatacept (LEA29Y)
===================

Belatacept belongs to a new class of immunosuppressive drugs, is a selective T-cell blocker, and includes two replaced aminoacids in the abatacept (L104E and A29Y). This drug markedly increases its activity in vivo by virtue of its great binding ability to CD80 and CD86.[@b22-btt-6-355]

Belatacept is a human fusion protein that combines a modified extracellular portion of CTLA-4 with the Fc domain of human IgG1. It prevents the stimulation of CD28 antagonizing CD80 and CD86 on APCs, and thus blocks the three signals of the transduction pathway. This latter antagonist effect results in an inability to produce effector cell cytokines, such as IL-2. This interaction inhibits the complete activation of T-cells and promotes anergy and apoptosis ([Figure 3](#f3-btt-6-355){ref-type="fig"}).[@b6-btt-6-355] Moreover, belatacept does not act by depleting T-cells, is well-tolerated, and protects patients against the adverse renal, cardiovascular, and metabolic effects encountered with calcineurin inhibitors (CNIs).

Tregs, a CD4+ CD25+ FOXP3+ subset of T-cells, are known to be able to suppress pathological immune response in autoimmune diseases, transplantation, and graft-versushost disease ([Figure 4](#f4-btt-6-355){ref-type="fig"}).[@b23-btt-6-355] Bluestone et al investigated the effect of costimulatory blockade on Tregs in kidney transplanted patients receiving belatacept treatment with basiliximab induction. The results show that, unlike CNIs, belatacept has no short- or long-term effects on the number or function of circulating Tregs.[@b24-btt-6-355] Great interest was aroused by the finding of a number of Tregs in graft biopsies during acute rejection that exceeded the number found in patients treated with CNIs. This finding suggests that belatacept may both promote Tregs infiltration in renal allografts and facilitate recovery from rejection.[@b24-btt-6-355]

The pharmacokinetic parameters of belatacept are not influenced by age, sex, ethnicity, or comorbid conditions. Moreover, hemodialysis, diabetes, and hepatic/renal dysfunction do not affect the pharmacokinetics of belatacept, so that dosage adjustments are not required. The expected half-life of belatacept is about 11 days.[@b25-btt-6-355] In renal transplanted nonhuman primates, belatacept demonstrated better effectiveness in preventing acute rejection than abatacept.[@b21-btt-6-355]

Phase II of a multicenter randomized study in renal transplantation compared data from an intensive regimen of belatacept with those from a less intensive regimen of belatacept or of cyclosporin A (CsA).[@b26-btt-6-355] The primary objective was to demonstrate the noninferiority of belatacept over CsA in the incidence of acute rejection at 6 months. Secondary endpoints were the incidence of acute rejection (biopsy-confirmed or presumed) at 6 and 12 months and glomerular filtration rate (GFR) at 1, 6, and 12 months. The incidence of acute rejection was similar at 6 months throughout the three groups recruited for the study. No episodes of acute rejection were reported after month 6 in any group. Moreover, the GFR at 12 months was significantly higher in patients receiving the more intensive (MI) and less intensive (LI) belatacept regimens than in those receiving CsA (*P* = 0.01 for the comparison between MI belatacept and CsA, *P* = 0.04 between LI belatacept and CsA). Finally, chronic allograft nephropathy was lower in belatacept-treated patients.[@b26-btt-6-355]

This study was extended to 5 years and demonstrated stable renal function and a high level of safety. Interestingly, the CD86 receptor showed significant saturation in both 4 week and 8 week dosing regimens, thus suggesting that CD86 receptor binding by belatacept persists over many years of administration.[@b27-btt-6-355] These results correlate with data from Latek et al,[@b28-btt-6-355] which found that free CD86 receptor levels in belatacept treated patients were (1) significantly lower than they were prior to treatment and (2) lower than those of volunteers and of patients treated with CsA.

On the basis of these results, Phase III trials were carried out to verify the benefits of the costimulation blockade on kidneys from standard-criteria donors (BENEFIT \[Belatacept Evaluation of Nephroprotection and Efficacy as First-line Immunosuppressive Trial\]) and on kidneys from expanded criteria donors (ECDs) (BENEFIT-EXT \[Belatacept Evaluation of Nephroprotection and Efficacy as First-line Immunosuppression -- EXTended criteria donors\]).

In the BENEFIT study, at 12 months, both belatacept regimens showed similar patient/graft survival to that found for CsA and GFR was significantly lower in the MI and LI belatacept group than in the CsA group (55% MI, 54% LI, and 78% CsA). Unexpectedly, the incidence of acute rejection was higher in belatacept patients than in the CsA group (22% MI, 17% LI, and 7% CsA). Amost 100% of rejection occurred within the first 6 months and were histologically more severe than in CsA-treated patients.[@b29-btt-6-355]

Given the complexity of the CD28/B7 pathway, multiple factors are likely involved in the onset of acute rejection in belatacept-treated patients: (1) possible memory-cell resistance to costimulation blockade and the intervention of other costimulatory pathways in T-cell activation;[@b3-btt-6-355],[@b30-btt-6-355] (2) higher B7 occupation by belatacept interfering with inhibitory signals through CTLA-4;[@b31-btt-6-355] and (3) possible inhibition of Tregs through the abrogation of CD28 signals and the inhibition of CTLA-4 function.[@b32-btt-6-355]

The use of the ECDs procedure is perceived as increasingly acceptable and attractive because it enables transplantation to be performed in patients who otherwise would not qualify to receive a donated kidney.

The BENEFIT-EXT trial is a recently published study that aims to underline the superiority of belatacept's effectiveness compared with that of CsA in patients receiving ECD kidneys.[@b33-btt-6-355]

The co-primary endpoints at 12 months were composite patient/graft survival and a renal impairment endpoint. Patient/graft survival with MI and LI belatacept was similar to CsA (86% MI, 89% LI, and 85% CsA) at 12 months. Secondary end points included GFR, cardiovascular profile, and metabolic profile, all of which showed better trends in belatecept than in CsA treated patients.

The incidence of acute rejection was similar across groups (18% MI, 18% LI, and 14% CsA). The authors conclude that belatacept provides better renal function and similar immunosuppressive efficacy in comparison with CsA, that it improves cardiovascular risk profile, and that tolerance is high. There were no clinically meaningful differences in efficacy or safety between the MI and LI regimen.

In an analysis of the respective BENEFIT and BENEFIT-EXT datasets, Vanrenterghem et al compared belatacept-based regimens with CsA at month 12. Both the given studies show that belatacept-based regimens had a better cardiovascular and metabolic risk profile, along with lower blood pressure and serum lipids levels and less new onset diabetes after transplant than the CsA-based regimen.[@b34-btt-6-355]

Analogously comparing performance at 24 months, Larsen et al reported similarity in terms of graft function, but greater renal benefits for belatacept-treated patients than for CsA-treated patients. There were few new acute rejection episodes in either study at 12 and 24 months.[@b35-btt-6-355]

Finally, in a 36-month study by Florman et al, belatacept demonstrated better renal function and comparable patient/graft survival when compared with CsA, regardless of standard criteria donors or ECD donor type throughout the 3-year period. As of month 24, new cases of acute rejection were infrequent.[@b36-btt-6-355]

In conclusion, both the BENEFIT and BENEFIT-EXT trials showed that belatacept offers a more positive cardiovascular and metabolic profile, with lower incidence of new-onset diabetes after transplant than do currently used immunosuppressants, and that it might also prevent CNI-associated nephrotoxicity.

Safety of belatacept
====================

About 20% of belatacept-treated patients developed adverse effects, which included anemia, pyrexia, neutropenia, diarrhea, urinary tract infection, headache, and peripheral edema. There were no reports of hypersensitivity or anaphylaxis related to the infusion of belatacept in any patient.[@b37-btt-6-355],[@b38-btt-6-355]

A total of 263 (27.7%) of the 949 patients receiving belatacept had a diagnosis of urinary tract infection, which ranged from mild to severe. Upper respiratory infections were reported in the BENEFIT and BENEFIT-EXT trials and were found in 8.5% of the patients receiving the MI or LI regimen. Moreover, pneumonia occurred in 2.5% of patients.[@b29-btt-6-355],[@b33-btt-6-355]

At 12 months, the respective infection rates for belatacept, as variously combined with MMF, sirolimus, or tacrolimus immunosuppression, were 21%, 15%, and 17% of patients.[@b39-btt-6-355]

At the time of writing, it does not appear that belatacept predisposes patients to a higher rate of infection than does CsA maintenance immunosuppression.[@b38-btt-6-355]

Progressive multifocal leukoencephalopathy (PML) occurred in one kidney transplant patient and in a liver transplant patient. Both patients received an MI belatacept regimen, and both died. No cases of PML were reported for the belatacept LI regimen or for control cases.[@b40-btt-6-355]

The occurrence of posttransplant lymphoproliferative diseases (PTLD) may be related to various factors such as age, immunosuppressive burden, T-cell depleting therapy, Epstein-Barr infection (EBV), and others.[@b41-btt-6-355] Belatacept has been associated with an increased risk of PTLD, both in Phase II and Phase III trials, and a greater frequency (1.7%) than the CsA group (0.2%). PTLD occurred in both MI and LI belatacept regimens.[@b37-btt-6-355]

The risk of PTLD was higher for Epstein--Barr virus (EBV)-seronegative patients than for EBV-seropositive patients. EBV-seropositive patients are defined as evidencing acquired immunity, as shown by the presence of IgG antibodies to viral capsid antigen and EBV nuclear antigen. All cases of PTLD reported over the 36-month study period in belataceptor CsA-treated patients presented within 18 months of transplantation. Overall, the rate of PTLD in 949 patients, treated with any of the belatacept regimens, was ninefold higher in those who were EBV-seronegative or EBV-serostatus unknown (8/139), than in those who were EBV-seropositive (5/810 patients). Belatacept is exclusively recommended for use in patients who are EBV-seropositive.[@b42-btt-6-355],[@b43-btt-6-355]

In conclusion, PTLD risk may be reduced by the use of the LI regimen and by avoidance of patients who are EBV-seronegative or who have an unknown pretransplant EBV serology.

PTLD involving the central nervous system was reported more often in the belatacept groups than in the CsA groups, but it was higher in the MI regimen than in the LI regimen (MI: 6, LI: 3, CsA: 0). Among the nine belatacept central nervous system PTLD cases, the higher incidence was observed in EBV-seronegative patients (5%) as compared with EBV-seropositive patients (0.5%).[@b42-btt-6-355],[@b43-btt-6-355]

Conclusion
==========

With its FDA approval, belatacept is the first biology-based therapeutic agent, one that is based on the blockage of the costimulatory pathway and that, as such, creates a new therapeutic class. The results of the registration trials have allowed the therapy's use as an immunosuppressant in EBV-seropositive renal transplant patients. Despite the clear benefits it offers in terms of metabolic, cardiovascular, and nephrotoxicity risks, belatacept needs further evaluation, specifically in terms of the late effects that might derive from a prolonged blockage of the costimulatory system and the induction of tolerance status.
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![T-cell response to alloantigens.\
**Notes:** The T-cell response to alloantigens requires two different but synergistic signals. Signal 1 is antigen-specific and is delivered via TCR, following recognition of alloantigens coexpressed with an MHC molecule on APCs. Signal 2 is not antigen-specific and is characterized by a link with costimulatory receptor ligand. Signal 3: following these two signals, different pathways are activated. The activation of these transduction pathways leads to the link of IL-2 to its receptor, with activation of mTOR.\
**Abbreviations:** TCR, T-cell receptor; MHC, major histocompatibilty complex; APCs, antigen-presenting cells; mTOR, mammalian target of rapamycin; IL, interleukin; NFAT, nuclear factor of activated T cells.](btt-6-355f1){#f1-btt-6-355}

![Costimulatory molecules and biological pathways implicated in the targeting of B7 vs CD28.\
**Abbreviations:** APC, antigen-presenting cell; MHC, major histocompatibilty complex; TCR, T-cell receptor.](btt-6-355f2){#f2-btt-6-355}

![Belatacept binds to CD80 (B7-1) and CD86 (B7-2) and blocks costimulation.\
**Abbreviations:** APC, antigen-presenting cell; MHC, major histocompatibilty complex; TCR, T-cell receptor.](btt-6-355f3){#f3-btt-6-355}

![Tregs expression.\
**Notes:** Tregs express both the CD4 T-cell receptor and the CD25 IL-2 receptor. Thus, Tregs are CD4+ CD25+. Expression of the Foxp3 is the defining property that determines Tregs development and function. Tregs suppress activation, proliferation, and cytokine production of CD4+ and CD8+ T-cells, and may suppress activity of B-and dendritic cells. Moreover, Tregs can produce and release soluble messengers that have a suppressive function, such as TGF-beta, IL10, and adenosine.\
**Abbreviations:** Tregs, regulatory T-cells; GITR, glucocorticoid-induced TNF receptor; Foxp3, nuclear transcription factor Forkhead box P3; APC, antigen-presenting cell; MHC, major histocompatibilty complex; TCR, T-cell receptor.](btt-6-355f4){#f4-btt-6-355}
